Eleven thousand forty-nine pigs produced from 934 litters using 262 rotational and F1 crossbred sows were used to study differences in pig weights, survival rates and pen average daily gain, daily feed intake, and feed conversion between pigs from equivalent three-breed rotational and threebreed terminal crossbreeding systems using Duroc, Yorkshire, and Landrace breeds. Pig weights at birth and 21 and 56 d and days to reach 100 kg did not differ ( P > .lo) between the terminal and rotational crossbreeding systems. However, ultrasound backfat thickness of pigs from the terminal crossbreeding system was .04 cm greater ( P < .007) than that of pigs from the rotational crossbreeding system. Survival rate from 56 d to 100 kg was .8% greater ( P < .01) for pigs from the terminal crossbreeding system than for those from the rotational crossbreeding system. The crossbreeding system had no effect ( P > .lo) on survival rate at birth, from birth t o 21 d, from 21 to 56 d, or from birth to 100 kg. Differences between the two crossbreeding systems were nonsignificant ( P > .20) for pen average daily gain, daily feed intake, and feed conversion. Breed composition of pigs was an important source of variation ( P < .Ol) for pig weights at birth and at 56 d. Similarly, breed composition of the pig also affected ultrasound backfat thickness at 100 kg ( P < .Ol), but not days required to reach 100 kg ( P > .lo). For survival traits, only survival rate from 56 d to 100 kg was influenced by breed composition of the pig. Breed composition of pigs affected daily feed intake and feed conversion ( P < .Ol), but it had no effect on average daily gain during the test period. Except for 21-d pig weight, the average of the three rotational crosses did not exceed the best of the three terminal crosses produced. However, there was no one best terminal cross for all traits.
Introduction
Although crossbreeding is a well-accepted tool used by commercial pork producers to enhance productivity through exploitation of heterosis and breed differences, the choice of which crossbreeding system is the most productive and profitable is less clear. A survey of commercial swine producers indicated 70% of farms used rotational crossbreeding systems, 19% used terminal crossbreeding systems, and the remainder used a combination of rotational and terminal (rotaterminal) systems (Miller, 1989) . The major advantage of rotational crossbreeding systems is the production of its own replacement females. However, three potential disadvantages are 1 ) breed complementarity cannot be capitalized on, 2 ) an increase in variability because of differences in breed composition between generations, and 3) less than 100% heterosis is realized compared to terminal crossbreeding systems. In contrast, a typical three-breed terminal crossbreeding system should use 100% of the available heterosis, have a less variable product, and take better advantage of the complementarity of breeds. Wilson and Johnson (1981) , Quintana and Robison (19841, and McLaren et al. (19871, assuming heterosis was linear with heterozygosity, concluded terminal crossbreeding systems were generally superior to rotational crossbreeding systems in production and economic efficiency. Even though both crossbreeding systems are now being used in the swine industry, we know of no reported studies that directly compare the performance of pigs produced from equivalent threebreed terminal and rotational crossbreeding systems. Therefore, the objective of this study was to make such a direct performance comparison between the two crossbreeding systems.
Materials and Methods
Eleven thousand forty-nine pigs, from two replicates, were born in 934 litters and used to study performance differences between a three-breed rotational and three-breed terminal crossbreeding systems using Duroc ( D ) , Yorkshire (Yj, and Landrace ( L) breeds. Seventy-seven boars (25 D, 26 Y, and 26 L ) were selected from private breeders on the basis of pedigree diversity to ensure a wide sampling from each breed, and for soundness of feet and legs. Genetic evaluations of boars used in this study were unavailable. A total of 262 rotational and F1 crossbred sows began the study, and 207 sows remained at the end of the study. The F1 sows used in the terminal crossbreeding system were produced on the research farm by mating purebred L, D, or Y females to purebred D, Y, or L boars. Reciprocal crosses were pooled into a single group. Sows for the rotational crossbreeding system were also produced on the research farm and were from the fifth and sixth generations of the threebreed rotation. Theoretical individual and maternal heterosis levels of the rotational cross system were 87.5 and 87.5%, respectively, for the fifth generation and 84.4 and 87.5%, respectively, for the sixth generation. Assuming the dams were of equal genetic merit, the use of all three types of F1 crossbred sows allowed a comparison of the two crossbreeding systems in which direct and maternal genetic components of the breeds would cancel out. Therefore, the difference in performance between the two crossbreeding systems, theoretically, should be due to the difference in individual and maternal heterosis.
The experiment was replicated across years. Within each replicate were three groups of approximately 44 females (seven or eight females of each of the six crosses). Groups were bred at 2-mo intervals. All sows in a group were of the same parity and were given the opportunity to farrow four litters. No sows were culled from the herd based on productivity. However, sows that failed to conceive during the 6-wk breeding period in replicate one or during the 4-wk breeding period in replicate two were culled. Likewise, sows with a severe injury or that aborted in two successive parities were culled. Sows were never moved from one sow group to another. Breeding of sow groups 1 , 2 , and 3 in the first replicate began in February, April, and June of 1988, respectively. Sows in groups 4, 5, and 6 of the second replicate were bred beginning in February, April, and June of 1990, respectively. Within each sow group, the sows of each genotype were randomly assigned to one of two gestation feeding levels, 1.8 kgl d or 2.7 kgld of a balanced diet (14.2% CP, 3,066 kcal of MEkg). During the winter months (November through February) the amount fed was increased by .45 kgld for each sow. All sows remained on their assigned feeding level in gestation for all parities. The same D, L, and Y boars were used to mate the F1 and rotational sows. These purebred boars were used for sows in all three sow groups in one parity for a replicate and then were replaced.
The rotational and F1 sows were sired by 22 boars (19 in common) and were reared on concrete feeding floors to 100 kg using diets and management typical for market hogs at this station. At 100 kg, gilts were moved to drylots and fed 2.7 kgld of a corn-soy-based diet before breeding at 8 mo of age.
Farrowing took place in a farrowing house with plastic-coated, expanded-metal floors. No crossfostering of pigs was performed. Lactating sows were allowed ad libitum access to feed (15.2% CP; 3,156 kcal of M E k g ) and water. Boar pigs were castrated at 21 d of age and litters were weaned at 35 d of age. After weaning, pigs were moved to a flat-deck, warm nursery with woven-wire floors until they were approximately 10 wk of age. Pigs were not weighed at weaning, but rather at 56 d of age, to include the effect of postweaning stress on litter sizes and weights. After leaving the nursery, pigs were moved to open-fronted buildings with either solid concrete (16 or 36 pigs per pen) or slatted floors ( 17 pigs per pen) and allotted to pens by breed composition of pigs allowing approximately .74 m2 floor spacelpig. The pigs were allotted t o the pens as pen space became available. Pigs were removed from test individually at approximately 100 kg until less than 25% of the pigs remained in the pen, at which time the test was terminated by weighing the remaining pigs and feed. The average on-test weight of pigs for the growing-finishing period was 22.0 kg (within subclass standard deviation was 4.4 kg) and the average off-test weight was 103.4 kg (within subclass standard deviation was 2.0 kg).
The pig traits studied included weights at birth, 21 d, and 56 d; days required to reach 100 kg; and survival rate at birth (percentage of fully formed pigs born alive), from birth to 21 d of those born alive, from 21 to 56 d of those alive at 21 d, from 56 d to 100 kg of those alive at 56 d, and overall to 100 kg of those born alive. Survival rate was coded for each pig as a 1 (alive) or 0 (dead) for a given stage of development. Ultrasound (A-mode j backfat thickness was measured only on barrows at approximately 100 kg. Three measurements were taken 4 cm off the midline at the shoulder, last rib, and stifle region, and these measurements were averaged. Traits measured on pens of pigs during the growing-finishing period were average daily gain, daily feed intake, and feed conversion (feedgain). If weights were not taken at exactly 21 and 56 d of age, weights were adjusted by procedures of Whatley and Quaife (1937) . Days to 100 kg and ultrasound backfat thickness were adjusted by procedures recommended by NSIF (1987) .
Statistical Analyses
Number of pigs studied, by breed composition of pig, and number of barrows measured for ultrasound backfat thickness are presented in Table 1 . Of 11,049 
, YLD = Yorkshire-Landrace-Duroc rotation, LDY = Landrace-Duroc-Yorkshire rotation, and DYL = Duroc-Yorkshire-Landrace rotation.
CThe number of litters farrowed. dThe number of barrows measured for ultrasound backfat thickness at 100 kg.
pigs born in the study, 8,702 pigs were marketed, of which 4,477 barrows were measured for ultrasound backfat thickness. These pigs were from 934 litters out of 262 sows. The data were analyzed using generalized least squares procedures (Blouin and Saxton, 1990) . The model for pig weights and survival rates included fixed main effects of replicate, farrowing group nested within replicate, parity, crossbreeding system, breed composition nested within crossbreeding system, sex, interactions of parity x crossbreeding system, crossbreeding system x sex, and breed composition nested within crossbreeding system x sex, and random effects of sire nested within replicate and parity, and dam nested within breed composition, crossbreeding system, farrowing group, and replicate. Preliminary analyses indicated feeding level during gestation and its interactions were not important sources of variation ( P > .20) and therefore these effects were not included in the final analyses. Effect of finishing building was included in models for age and ultrasound backfat thickness a t 100 kg. The sex effect was deleted from the model in the analysis of ultrasound backfat thickness because backfat thickness was measured only on barrows. F-test statistics for crossbreeding system and breed composition nested within crossbreeding system effects used dam effect variances as the denominator term. Random sire and dam effects were assumed to have variances of Ia2s and I n 2~, respectively. These variances were estimated by REML procedures (Patterson and Thompson, 197 1) using the GLMM software (Blouin and Saxton, 1990) . The REML estimates used in the analyses of the data are given in Table 2 .
Analyses of pen average daily gain, average daily feed intake, and feed conversion used models that included fixed effects of replicate, farrowing group within replicate, parity, finishing building, crossbreeding system, and breed composition within crossbreeding system. In addition, covariates for on-test weight and off-test weight were included for average daily feed intake and feed conversion. On-test weight was included as a covariate for average daily gain.
Results
Growth Traits. Pig weights at birth, 21 and 56 d, and days to 100 kg did not differ between the terminal and rotational crossbreeding systems on the average (Table 3 ) . Ultrasound backfat thickness of the pigs from the terminal crossbreeding system, on the average, was .04 cm greater ( P < .007) than that of pigs from the rotational crossbreeding system.
Breed composition of the pigs was an important source of variation for weights at birth and at 56 d, and for ultrasound backfat thickness a t 100 kg. Pigs produced by D boars and F1 YL or YLD rotation sows were lightest at birth, whereas pigs produced by Y aSR = survival rate percentage, ADG = average daily gain, DFI = daily feed intake, and F/G = feed conversion ifeed/gain). 
Rotational cross ( R )
CAverage standard error for the generalized least squares means in the column. dProbability of difference between crossbreeding systems being due to chance. different ( P > . l o ) between the two crossbreeding systems.
Pigs sired by D boars and out of YL F1 and YLD rotation sows had the poorest survival rates from 56 d to 100 kg in both crossbreeding systems. Pigs produced by L boars and DY F1 and DYL rotation sows had the highest survival rates from 56 d t o 100 kg in both crossbreeding systems, although it was equal to that of pigs sired by Y boars and out of LD F1 dams in the terminal crossbreeding system. In the rotational crossbreeding system, pigs sired by Y boars and out of LDY dams were intermediate in survival rates from 56 d to 100 kg to the other two breeding types. All other survival rates were not affected by the breed composition of pigs in each of the crossbreeding systems.
Pen Traits. Differences in performance between the two crossbreeding systems were small ( P > .lo) for the three pen traits ( 
Discussion
This study compared a three-breed rotational and the corresponding terminal crossbreeding system on the average. We know of no animal studies with swine to date that have compared these two crossbreeding systems. Theoretically, a three-breed terminal crossbreeding system should have 14% additional individual and maternal heterosis relative to a threebreed rotational crossbreeding system a t equilibrium, assuming the breed composition is equal. Average ultrasound backfat thickness for pigs from the terminal crossbreeding systems was .04 cm greater than those from the rotational crossbreeding system. If this difference is an estimate of approximately 1/7 of the sum of individual and maternal heterosis (100% for terminal crossbreeding system compared to 86% for rotational crossbreeding system), the sum of these heterosis levels is .28 cm. In a summary of swine crossbreeding research in the United States, Gunsett and Robison (1990) reported that the average individual heterosis for probed backfat was .0125 cm and the maternal heterosis estimate was -.0258 cm, for a total estimate of -.0133 cm. This differs considerably from the .28 cm observed in the present study. It remains to be determined whether the positive, undesirable, heterosis value for ultrasound backfat thickness found in the present study is an inadequately understood part of three-breed terminal crossbreeding systems or is due to sampling. Possible economic benefits accrued from increased survival rates in the postweaning period in terminal-cross pigs may be reduced, at least in part, from the poorer carcass composition relative to rotational-cross pigs, especially if the pigs are sold on a carcass merit system.
In his review of crossbreeding effects on feed efficiency, Bereskin ( 1990) concluded crossbred pigs had better average daily gains (.060 kg), daily feed intakes (.113 kg), and feed conversion values (. 147 less feewgain) than purebred pigs. These were estimates of individual heterosis. The estimates of individual plus maternal heterosis in the present research were .028 kg, .14 kg, and 0, for average daily gain, daily feed intake, and feed conversion, respectively. None of these differences between the two crossbreeding systems was significant ( P > .lo).
Survival rate percentage from 56 d of age to 100 kg differed by 3% between the two crossbreeding systems. Multiplying this difference by 7 to obtain the full complement of individual and maternal heterosis gives an estimate of 5.6%. This differs from a previous estimate of 3% reported by Kuhlers et al. (19891 .oo cAverage standard error for the generalized least squares means in the column.
dProbability of difference between crossbreeding systems being due to chance.
significant differences in survival rates between threebreed-cross pigs and backcross pigs at birth, from birth to 21 d, and from birth to 100 kg. The differences between the two studies in detecting differences for survival rate is due in part to the difference in the power. The present study only estimates a difference of one-seventh of the individual and maternal heterosis, whereas the difference in the study of Kuhlers et al. ( 1 9 8 9 ) reflects one-half of the individual heterosis. If maternal heterosis has small effects on survival rates, then the earlier study should detect differences with greater ease than the present study.
Variability of performance due to intergenerational differences is of concern with rotational crossbreeding systems. Using just the rotational crossbreeding litters and a model that excluded the breed composition effect, sums of the sire, dam, and residual variances components were 171.7 d2 and .089 cm2 for days to 100 kg and average ultrasound backfat thckness, respectively. Corresponding sums of the variance components using only the terminal-cross litters, which included the breed composition effect in the model, were 153.8 d2 and .078 cm2, respectively. These data, therefore, support the hypothesis of increased variability in a rotational crossbreeding system. Depending on marketing strategy employed by pork producers, the increased variability observed may have a negative economic impact on rotational crossbreeding systems relative to terminal crossbreeding systems. Similarly, residual variance for feed conversion was .0176 and .0220 for terminal and rotational crossbreeding systems, respectively.
A terminal crossbreeding system requires only one cross, the most profitable and productive terminal cross, instead of all three terminal crosses, as used in the present study. The question facing producers is which terminal cross is the most profitable. In this study, the cross requiring the fewest days to 100 kg, fastest postweaning average daily gain, and the highest survival rate from birth to 100 kg was the Y x LD cross. The leanest and most efficient cross was the D x YL cross. However, three-breed rotational crossbreeding systems require that all three of the mating types be present on the farm, in some proportion, at some time. Assuming the most widely used terminal cross of those studied is the D x YL, analyses of this cross compared to the average of the rotational crosses showed the D x YL pigs were significantly leaner and more efficient than the rotational-cross pigs but were not significantly different from the rotational-cross pigs for days to 100 kg and survival rates from birth to 100 kg. For the three-breed rotational crossbreeding system, an optimum proportion of each of the three breeding groups that will maximize the profitability and productivity of a swine farm exists (Merrell et al., 1979) .
Intensity of selection of boars used can be different between the two crossbreeding systems. With the terminal crossbreeding system, sires of the market pigs probably should be the most extreme in their EPD for days t o 100 kg and backfat thickness at 100 kg. Sires of replacement gilts should have increased emphasis on EPD for litter size and weight traits. For the rotational crossbreeding system, trait emphasis in boars probably cannot be as intense as with the terminal crossbreeding system because pigs of one generation become dams of the next generation. This should give an increased advantage to terminal crossbreeding systems over rotational crossbreeding systems. This aspect was not studied here because genetic evaluations of the sires were not available.
Determination of which crossbreeding system is the "best" depends on an economic analysis t o ascertain the profitability of each of the crossbreeding systems. Profitability of the systems, however, is influenced not only by the productivity of the two systems but is also affected by the fact that terminal crossbreeding systems need either to 1) purchase gilts, usually at a premium above market value, or 2 ) to produce F1 gilts by keeping a small group of purebred females. This will result in a decrease in productivity from using purebred females and space that could be used by more productive sows in the terminal crossbreeding system. A rotational crossbreeding system, which produces its own replacement females, will exchange a portion of its market pig sales for sow sales.
The results of the present study assumed rotational crossbreeding system sows were mated correctly to the breed of sire (the breed that maximizes individual heterosis). With rotational crossbreeding systems, more than one sire breed must be used to keep the rotation in sequence. Because of this, it has been speculated rotational crossbreeding systems are more difficult to manage and more likely to have errors in mating sows to the correct breed of boar than terminal crossbreeding systems. Mating errors will result in reduced performance because of the loss of individual heterosis. The present study used color-coded ear tags when the gilts were brought into the breeding herd. The color of the ear tag indicated the genetic composition of the sow and, therefore, the breed of sire to which she was to be mated. If day-to-day management for correct matings cannot be assured, then performance of the rotational crossbreeding systems may be adversely affected.
Implications
In a comparison of averages of breed-equivalent three-breed terminal and rotational crossbreeding systems, backfat thickness was thicker and survival rates from 56 d to 100 kg were greater for pigs of the terminal systems compared to those of the rotation system. No difference in growth rate or feed conversion was evident between the pigs from the two
